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Sclerostine responses to mechanical loading can usefully be studied in the tibia by the
application of loads between the knee and ankle in normal and genetically modiﬁed mice. Such loading also
deforms the ﬁbula. Our present study was designed to ascertain whether the ﬁbula adapts to loading in a
similar way to the tibia and could thus provide an additional bone in which to study functional adaptation.
The right tibiae/ﬁbulae in C57BL/6 mice were subjected to a single period of axial loading (40 cycles at 10 Hz
with 10-second intervals between each cycle; approximately 7 min/day, 3 alternate days/week, 2 weeks).
The left tibiae/ﬁbulae were used as non-loaded, internal controls. Both left and right ﬁbulae and tibiae were
analyzed by micro-computed tomography at the levels of the mid-shaft of the ﬁbula and 25% from its
proximal and distal ends. We also investigated the effects of intermittent parathyroid hormone (iPTH) on the
(re)modelling response to 2-weeks of loading and the effect of 2-consecutive days of loading on osteocytes'
sclerostin expression. These in vivo experiments conﬁrmed that the ﬁbula showed similar loading-related
(re)modelling responses to those previously documented in the tibia and similar synergistic increases in
osteogenesis between loading and iPTH. The numbers of sclerostin-positive osteocytes at the proximal and
middle ﬁbulae were markedly decreased by loading. Collectively, these data suggest that the mouse ﬁbula, as
well as the tibia and ulna, is a useful bone in which to assess bone cells' early responses to mechanical
loading and the adaptive (re)modelling that this engenders.
© 2009 Elsevier Inc.Open access under CC BY license.IntroductionIt is generally accepted that a number of the most important
features of bone architecture, particularly those on which its load-
bearing competence depends, are only achieved and maintained as a
result of an adaptive response by resident bone cells to load-induced
strain in their matrix [1]. Investigation of the objectives of strain-
related (re)modelling and the mechanisms involved requires avail-
ability of bones that can be loaded in vivo in experimental animals.
Early models in sheep [2], turkeys [3], roosters [4] and rats [5–7] have
been followed by those in mice [8–12]. Using normal and genetically
modiﬁed mice, the non-invasive axial loading model of the ulna has
proved useful in a number of experiments to study cortical bone
[9,13–17], as has the recently introduced, non-invasive axial loading
model of the tibia [11,12,17–21]. The latter model has the advantage
of enabling the study of trabecular as well as cortical compartments.
Since the ﬁbula is attached to the tibia, both bones are loadedwhen
mechanical loads are axially applied between the knee and ankle. In
this article, we report the adaptive (re)modelling responses of the license.mouse ﬁbula to axial loading alone and in conjunction with
intermittent parathyroid hormone (iPTH) (1–34). We also report the
effect of this loading on sclerostin expression in the ﬁbula's osteocytes.
Materials and methods
Animals
Virgin, female C57BL/6 mice at 7–8 weeks of age were purchased
from Charles River Laboratories, Inc. (Margate, UK) and group-
housed in sterilized polypropylene cages with free access to water
and a maintenance diet containing 0.73% calcium, 0.52% phosphorus,
and 3.5 IU/g vitamin D (RM1; Special Diet Services Ltd., Witham, UK)
in a 12-hour light/dark cycle, with room temperature at 21±2 °C. All
procedures complied with the UK Animals (Scientiﬁc Procedures) Act
1986 and were reviewed and approved by the ethics committee of
the Royal Veterinary College (London, UK).
In vivo external mechanical loading
The apparatus and protocol for dynamically loading the mouse
tibia/ﬁbula have been reported previously [11,17,18,22]. Dynamic axial
Table 1
Structural parameters in the ﬁbula of 21 week old female C57BL/6 mice which had
received 2-weeks of mechanical loading with a peak load of 13.5 N
Left control Right loaded p valuea
Proximal site
Cortical bone volume (mm3) 0.062±0.002 0.109±0.006 b0.01
Middle site
Cortical bone volume (mm3) 0.048±0.001 0.064±0.002 b0.01
Periosteally-enclosed volume (mm3) 0.054±0.002 0.068±0.003 b0.01
Medullary volume (mm3) 0.0057±0.0007 0.0042±0.0009 0.19
Distal site
Cortical bone volume (mm3) 0.040±0.001 0.044±0.002 0.21
Mean±S.E. (n=5).
a Paired t-test.
931A. Moustafa et al. / Bone 44 (2009) 930–935loads (0.1 s trapezoidal-shaped pulse period [0.025 s loading, 0.05 s
hold and 0.025 s unloading]; 10 s rest time between pulses; 40 cycles/
day) were applied between the right ﬂexed knee and ankle under
isoﬂurane-induced anesthesia (approximately 7 min/day). In brief, the
ﬂexed joints are positioned in concave cups; the upper cup, into which
the knee is positioned, is attached to the actuator arm of a servo-
hydraulic loading machine (Model HC10; Zwick Testing Machines Ltd.,
Leominster, UK) and the lower cup to a dynamic load cell. The servo-
hydraulic mechanism of the loading machine operates to apply
controlled dynamic compressive loads axially to the tibia/ﬁbula. The
left tibia/ﬁbulawas used as a non-loaded, internal control. Normal cage
activity was allowed between loading periods.
‘Loading’ experiment
When the mice were 19 weeks of age, their right tibiae/ﬁbulae
were subjected to single short periods of loading on 3 alternate days
per week for 2 weeks. Strain gauges attached to the medial surface of
the tibial shaft showed that a peak load of 13.5 N engendered
approximately 1400microstrain (μɛ) at a site 37% distal to its proximal
end. Unfortunately the ﬁbula was too small to allow the attachment of
currently available strain gauges to its surface.
Calcein (30 mg/kg; Sigma Chemical Co., St. Louis, Missouri, USA)
was injected intraperitoneally on the ﬁrst and last days of loading
(days 1 and 12). The mice were killed at day 15, and their tibiae and
ﬁbulae were collected and stored in 70% ethanol before being scanned
with micro-computed tomography (μCT) with a pixel size of 5 μm
(SkyScan 1172; SkyScan, Kontich, Belgium). The images of the whole
bones were reconstructed by the SkyScan software and their lengths
were measured. As shown in Fig. 1, the ﬁbulae and tibiae were
analyzed at the same three sites, i.e., 0.5 mm long sections at proximal
(25%), middle (50%) and distal (25%) sites along the ﬁbula's length.
Periosteally-enclosed volume, cortical bone volume and medullary
volume were measured. After scanning by μCT, the bones were
dehydrated, cleared and embedded in methyl methacrylate as
previously described [23]. Transverse segments of the ﬁbulae were
obtained by cutting with an annular diamond saw. Images of calcein
labels were visualized using the argon 488 nm laser of a confocal laser
scanning microscope (LSM 510; Carl Zeiss MicroImaging GmbH, Jena,
Germany) at similar regions as the μCT analysis.Fig. 1. Direction of mechanical loading in the right tibia/ﬁbula and representative
transverse μCT images of the ﬁbula and tibia at the analyzed sites (25% proximal, middle
and 25% distal sites of the ﬁbula's length) in a 19 week old female C57BL/6 mouse.‘iPTH’ experiment
Mice in this part of the study, starting when they were 13 weeks
old, were given 6-weeks of intermittent treatment with subcutaneous
human PTH (1–34) (iPTH; Bachem Biosciences, Inc., King of Prussia,
Pennsylvania, USA) at a dose of 80 μg/kg/day (7 days/week) or
vehicle (99.7% saline, 0.2% bovine serum albumin [Sigma Chemical
Co.], and 0.1% hydrochloric acid). During the last 2 weeks (3 alternate
days/week), the right tibiae/ﬁbulae of these mice were subjected to
loading between 30 and 40 min after the vehicle or PTH (1–34)
injection. Since the mice receiving iPTH (1–34) had deposited more
new bone than those which had not, it was necessary to apply
different magnitudes of a peak load to achieve a similar level of strain.
Thus, themice treatedwith the vehicle or iPTH (1–34) received a peak
load of 12.0 or 15.8 N, respectively. In each case, these peak loads
engendered approximately 1200 μɛ at the medial surface of the tibiae
37% along the bone shaft from their proximal end, as previously
reported [17]. This level of strain was designed to be lower than that
(approximately 1400 μɛ) in the ‘loading’ experiment, to provide scope
for observing the synergistic osteogenic effect with iPTH (1–34) that
we have reported previously [17].
Calcein (30 mg/kg; Sigma Chemical Co.) was injected intraper-
itoneally on the ﬁrst days of iPTH (1–34) treatment (day 1) and
loading (day 29), and alizarin (30 mg/kg; Sigma Chemical Co.) on
the last day of loading (day 41). At 19 weeks of age (day 43), the
animals were killed and their tibiae and ﬁbulae collected. As
described above, these bones were analyzed by μCT and the
distribution of calcein and alizarin labels visualized by confocal
laser scanningmicroscopy using argon 488 nm laser andHeNe 543 nm
laser, respectively.
‘Sclerostin’ experiment
Mice in this experiment were subjected to loading with a peak
load of 13.5 N on two consecutive days at 19 weeks of age. The
ﬁbulae on each side were collected 24 h after the second period of
loading. These bones were dissected of soft tissue and ﬁxed in 10%
formalin. Sclerostin was immunolocalized at the proximal and
middle sites in decalciﬁed, wax-embedded 8-μm transverse sections
using an indirect immunoperoxidase method [24]. Goat polyclonal
anti-mouse sclerostin (0.2 mg/ml; R&D Systems, Abingdon, UK) and
biotinylated rabbit anti-goat (0.013 mg/ml; Dako, Ely, UK) were
used as the primary and secondary antibodies, respectively. All
antibodies were diluted in 10% rabbit serum (Sigma Chemical Co.)
in calcium and magnesium-free phosphate buffered saline (Gibco,
Paisley, UK). The same concentration of goat IgG was substituted for
the primary antibody to provide a negative control. Detection of
sclerostin was carried out using vector ABC kit (Vector Laboratories,
Burlingame, USA) with diaminobenzidine as a substrate. The
immunolabeled sections were photographed using a Leica Q550IW
Fig. 2. Effects of 2-weeks of mechanical loading with a peak load of 13.5 N on the
ﬁbula and tibia in 19 week old female C57BL/6 mice. A: Load-induced percentage
increases ([right loaded− left control]×100/left control) in cortical bone volume of
the ﬁbula and tibia. Mean±S.E. (n=5). ⁎pb0.05 by paired t-test between left
control and right loaded. #pb0.05 by one-way ANOVA followed by a post hoc
Bonferroni or Dunnett T3 test among different sites. B: Representative transverse
μCT images of the ﬁbula and tibia. C: Representative transverse ﬂuorochrome
labelled images of the ﬁbula. Green: calcein labels injected on the ﬁrst and last
days of loading (days 1 and 12).
Table 2
Structural parameters in the ﬁbula of 19 week old female C57BL/6 mice treated with 6-
weeks of vehicle or iPTH (1–34) and 2-weeks of mechanical loading with different peak
loads producing a similar, lower level of strain
Peak load 12.0 N 15.8 N p valuea
Dose of PTH (1–
34)
0 μg/kg/day 80 μg/kg/day Loading iPTH
(1–34)
Interaction
Proximal site
Cortical bone volume (mm3)
Left control 0.058±0.004 0.088±0.003 b0.01 b0.01 b0.01
Right loaded 0.079±0.009 0.141±0.004
Middle site
Cortical bone volume (mm3)
Left control 0.047±0.002 0.065±0.002 b0.01 b0.01 0.05
Right loaded 0.056±0.005 0.087±0.002
Periosteally-enclosed volume (mm3)
Left control 0.051±0.002 0.075±0.002 b0.01 b0.01 0.08
Right loaded 0.057±0.005 0.094±0.004
Medullary volume (mm3)
Left control 0.0046±0.0006 0.0103±0.0008 b0.01 b0.01 0.82
Right loaded 0.0016±0.0004 0.0069±0.0014
Distal site
Cortical bone volume (mm3)
Left control 0.041±0.002 0.062±0.004 0.28 b0.01 0.38
Right loaded 0.041±0.001 0.067±0.003
Mean±S.E. (n=5).
a Two-way ANOVA.
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numbers of sclerostin-positive and total osteocytes were counted and
the ratio of sclerostin-positive to total osteocyte number was evaluated
in two sections at each of the three sites. Using this ratio, mechanical
load-induced percentage changes in osteocytes' sclerostin expression
were then calculated ([right loaded− left control]×100/left control).
Statistical analysis
All data are shown as mean±S.E. Statistical analysis was
performed by paired t-test, two-way ANOVA or one-way ANOVA
followed by a post hoc Bonferroni or Dunnett T3 test using SPSS for
Windows (version 16.0; SPSS Inc., Chicago, USA). pb0.05 was
considered as statistically signiﬁcant.Results
Effects of mechanical loading on the ﬁbula
Table 1 and Fig. 2 show the results in the ‘loading’ experiment.
Loading with a peak load of 13.5 N signiﬁcantly increased the ﬁbula's
cortical bone volume at the proximal and middle sites (78±11 %
[pb0.01] and 32±3 % [pb0.01], respectively). Only the middle site of
the ﬁbula included sufﬁcient medullary volume for its inclusion in the
analysis. At this level, loading signiﬁcantly increased periosteally-
enclosed volume (26±3 % [pb0.01]) and tended to decrease
medullary volume (−24±13 % [p=0.19]). Transverse μCT and
ﬂuorochrome labelled images in the ﬁbulae showed that the character
of new bone formed in response to loading was both lamellar and
woven at the proximal site and lamellar only at the middle site.
Effects of mechanical loading plus iPTH on the ﬁbula
The results in the ‘iPTH’ experiment are shown in Table 2 and Fig. 3.
In the ﬁbulae of mice treated with vehicle, loading with a peak load of
12.0 N also increased cortical bone volume at the proximal andmiddle
sites, but these increases were not statistically signiﬁcant (36±14 %
[p=0.06] and 18±8 % [p=0.08], respectively). Treatment with iPTH
(1–34) promoted these loading-related responses; loading increased
cortical bone volume at the proximal and middle sites by 61±2 %
(pb0.01) and 35±3 % (pb0.01), respectively. This represented a
signiﬁcant synergistic effect on cortical bone volume between loading
and iPTH (1–34) at the proximal site (p=0.01). Loading in
combination with iPTH (1–34) treatment resulted in both lamellar
andwoven bone formation at the proximal site and only lamellar bone
formation at the middle site.
Effects of mechanical loading on osteocytes' sclerostin expression in
the ﬁbula
Twenty-four hours after the second period of loading, there was a
reduction in the number of sclerostin-positive osteocytes at the
proximal and middle sites of the ﬁbulae (Table 3 and Fig. 4, A and B).
The total number of osteocytes showed no change. The ratios of
Fig. 3. Effects of 2-weeks of mechanical loading with a peak load of 12.0 or 15.8 N,
which produced a similar level of strain measured at the medial surface of the tibia, on
the ﬁbula and tibia in 17 week old female C57BL/6 mice treated with vehicle or iPTH
(1–34) for 6weeks, respectively. A: Load-induced percentage increases ([right loaded−
left control]×100/left control) in cortical bone volume of the ﬁbula and tibia. Mean±S.
E. (n=5). ⁎pb0.05 by paired t-test between left control and right loaded. #pb0.05 by
one-way ANOVA followed by a post hoc Bonferroni or Dunnett T3 test among different
sites. B: Representative transverse μCT images of the ﬁbula and tibia in the mice treated
with iPTH (1–34). C: Representative transverse ﬂuorochrome labelled images of the
ﬁbula in the mice treated with iPTH (1–34). Green: calcein labels injected on the ﬁrst
days of iPTH (1–34) treatment (day 1) and loading (day 29). Red: alizarin label injected
on the last day of loading (day 41).
Table 3
Numbers of sclerostin-positive and total osteocytes in the ﬁbula of 19 week old female
C57BL/6 mice that received 2-consecutive days of mechanical loading with a peak load
of 13.5 N
Left control Right loaded p valuea
Proximal site
Number of sclerostin-positive osteocytes 100±2 31±2 b0.01
Number of total osteocytes 135±2 135±3 0.83
Middle site
Number of sclerostin-positive osteocytes 74±3 31±2 b0.01
Number of total osteocytes 91±3 94±2 0.52
Mean±S.E. (n=6).
a Paired t-test.
Fig. 4. Effect of 2-consecutive days of mechanical loading with a peak load of 13.5 N on
osteocytes' sclerostin expression in the ﬁbula of 19 week old female C57BL/6 mice. A:
Representative transverse sclerostin-immunostained images 24 h after the last
loading. B: Negative control of sclerostin-immunostained image. C: Mechanical load-
induced percentage decreases in sclerostin-positive osteocytes ([right loaded− left
control]×100/left control). Mean±S.E. (n=6). ⁎pb0.05 by paired t-test between left
control and right loaded.
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and 0.81±0.04, respectively, in the left control and 0.23±0.01 and
0.32±0.02, respectively, in the right loaded bones. The level ofload-induced decrease in sclerostin-positive osteocytes thus tended
to be higher at the proximal site than at the middle site (Fig. 4C;
−69±2 % and −60±4 %, respectively [p=0.07]).
Discussion
The results of this study show that the mouse ﬁbula responds in a
similar way to that expected from other long bones such as the ulna
and tibia [16,17] in three different respects: adaptive bone (re)
modelling to a short period of intermittent loading; synergism of that
response with iPTH (1–34); and loading-related reduction in
osteocyte sclerostin production. This indicates that the ﬁbula as well
934 A. Moustafa et al. / Bone 44 (2009) 930–935as the ulna and tibia is appropriate for studies of functional adaptation
to mechanical loading.
Similarly to the ulna [9] and tibia [11,12], the ﬁbula showed site-
speciﬁc differences in response to the axial loading. This trend was
not changed by different magnitudes of peak load or iPTH (1–34)
treatment. The shape of the skeleton is controlled by its mechanical
environment, and the differences among bone sites in response to
any one loading conﬁguration will be determined inter alia by how
different this loading environment is from that to which the site in
question is habituated.
The ‘iPTH’ experiment was designed to assess whether iPTH (1–
34) treatment sensitizes bone cells to mechanical stimulation in the
ﬁbula, as we have previously shown in the tibia [17]. The results in the
‘iPTH’ experiment induced by loading, which produced a lower level of
strain (approximately 1200 μɛ), in combination with high-dose iPTH
(1–34) treatment, were similar to those in the ‘loading’ experiment
which involved a higher level of strain (approximately 1400 μɛ) alone.
These data, in addition to our previous ﬁndings in the tibia and ulna
[17], support the hypothesis that iPTH reduces the peak load necessary
to stimulate an anabolic effect in cortical bone.
It has been shown that iPTH inhibits SOST transcription in vivo
[25]. A recent study using the axial loading model of the ulna [16]
showed that in cortical bone osteocytes' expression of sclerostin, the
protein product of the SOST gene, is regulated bymechanical strain. At
the distal ulna where this loading induced a substantial increase in
bone formation, the number of sclerostin-positive osteocytes were
markedly decreased (by approximately 60%). Consistent with these
ﬁndings, in the present study, mechanical loading with a peak load of
13.5 N induced marked decreases in the numbers of sclerostin-
positive osteocytes at the proximal (mean 69% reduction) and middle
(mean 60% reduction) sites of the ﬁbula's cortical bone.
One advantage of the mouse ﬁbula is that its small size facilitates
analysis by nano-CT, which can provide information concerning
osteocytes [26], and microscopic examination since a single ﬁeld can
encompass the whole bone's cross section. On the other hand, this
small size also presents a disadvantage in that it is impossible to attach
currently available strain gauges to the bone's surfaces and thus the
actual strain levels associated with any particular response need to be
inferred from engineering analysis rather than assessed by direct
measurement. Knowledge of the precise strain levels at each location
of loaded bones is, however, not a feature of many studies on
functional adaptation.
We and others have routinely assessed the effects of mechanical
loading by applying loads to bones in one limb and comparing the
resulting (re)modelling with that of the contra-lateral limb that has
received no artiﬁcial load [8–21,27–29]. However, a recent study by
Sample et al. [30] has thrown doubt on the previously accepted
assumption that the adaptive effects of loading are conﬁned to the
bones that are loaded, and thus loading has no effect on the bones not
subjected to load, including those commonly used as controls on the
contra-lateral side. In Sample's experiments, loading of the rat ulna
was associated with remote regional and systemic effects on (re)
modelling that were modiﬁed by analgesia of the brachial plexus of
the loaded limb [30]. These ﬁndings of remote perturbations of (re)
modelling do not accord with our experience. However, should they
be shown to be generally applicable it will no longer be possible to
assume that adaptive (re)modelling is a local response to strain
conﬁned to the loaded bone. Our current study, and all of those by our
laboratory and others, which have used non-loaded contra-lateral
bones as controls [8–21,27–29], must therefore be viewed with this
caveat until the general applicability of Sample's study [30] can
be ascertained.
In conclusion, the mouse ﬁbula appears to be a suitable bone in
which to assess mechanically adaptive (re)modelling associated with
artiﬁcial loading of the tibia/ﬁbula in vivo. Its small size offers some
advantages in relation to imaging which must be weighed against thedisadvantage that it is too small to attach strain gauges and thus
measure strain levels directly. Since axial loading of the tibia also
engenders strains in the ﬁbula, inclusion of the ﬁbula in the analysis of
these experiments would increase the usefulness of the non-invasive,
dynamic axial loading model of the mouse tibia/ﬁbula.
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